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ABSTKACT 

I t  is s h o m  t h a t  t h e  p r e d i c t i o n s  of  quantum theory  in c e r t a i n  

c o r r e l a t i o n s  experiment8 a r e  incompatible  wi th  o rd inary  i d e a s  about  

t h e  p h y s i c a l  world. In p a r t i c u l a r  t h e  followLng theorem is proved: 

Consider s i t u a t i o n s  involv ing  two experimenters ,  one working ln  each 

of  two space- l ike  separa ted  reg ions .  Suppose each is apparen t ly  f r e e  

t o  choose t o  perform i n  h i s  reg ion  one of two a l t e r n a t i v e  e rper iments .  

Assme t h a t  t h e  r e s u l t s  t h a t  would be  obtained i n  each of t h e  a l t e r -  

n a t i v e  c a s e s  conform t o  t h e  s t a t i s t i c a l  p r e d i c t i o n s  of  quantum theory .  

Tmn t h e  e r p e r i m n t a l  r e s u l t s  in one reg ion  mt, i n  some c a s e s ,  depend 

on which experiment is perforned in t h e  space-l ike separa ted  reg ion .  

lhis tkeorern is akin to a theorem of J ,  S. Bell, However, Eell's 

t h e c r a n  r e f e r s  t o  h idden-var iab les ,  which msy not  e x i s t  in n a t u r e ,  

whereas t h e  preaent  theorem d e a l s  d i r e c t l y  r i t h  connect ions between t h e  

( m c r c s c o p i c )  r e s u l t s  of  p o s s i b l e  measurernente and p h y s i c a l  v a r i a b l e s  

subdec t  to t h e  c o n t r o l  of e x p e r i o e n t e r s .  

The ques t ion  keeps a r i s i n g  whether quantun phenozma cac Se 

descr ibe3  i n  c l a s s i c a l  terms. No c l a s s i c a l  Cescr ip t ion  of q.;ar,tua 

phenomena has y e t  been found. But it i s  s o z e t l n e s  argued *.at t h i s  

is simply an Inadequacy of present-day science:  some t h i n k e r s  hold 

present-day quantum theory t o  be l o g i c a l l y  o r  metaphysical ly  unaccep- 

t i b l e ,  and expect  quantm phenorcena t o  be u l t i ~ ~ t e l y  coa?rehers:b?e Fn 

c l a s s i c a l  terms. However, i t  can be r igorous ly  proved t h a t  q u a n t m  

phenomena i e  d e f i n i t e l y  incompatible with c l a s s i c a l  ideas about *he 

world. The proof given b e l o r  i s  q u i t e  simple and d i r e c t .  I t  i s  

based on c o r r e l a t i o n  phenomena, r a t h e r  than t h e  i n t e r f e r e n c e  e f f e c t 8  

o f t e n  considered in i h i s  connection. 

C l a s s i c a l  ideas  about t h e  physical  world e n t a i l  t h e  f o l l c r h g  

two p r o p e r t i e s :  

1. Causal e f f e c t s  a r e  t ransmit ted over  large d i 8 t m c e s  by 

r m t t e r :  t h e r e  can be no causa l  l i n k  unless  t h e r e  i s  a pcss ib le  

r m t e r i a l  l i n k .  

2. FLesults of a l t e r n a t i v e  poss ib le  e r p e r 1 c e r . t ~  a-e d e f i r . i t e ;  

"What mould have happened" i f  an a l t e r n a t i v e  poss ib le  er ;er i rer . t  Led 

been per fomed can be mppoded t o  be something epecific, even t t c -  

what t h a t  s p e c i f i c  something a c t u a l l y  is  nay be  necessar i ly  w h o m .  

Vhat dl1 be s h o m  is  t h a t  no t  both of these  p r o p e r t i e s  can  actual'^ 

hold t r u e  Fn na ture .  

S t a t e d  i n  mre s p e c i f i c  t e r n  the  two proper t ies  & r e  tt-ese: 

1. LBteriol  Causes. Let R1 arid R2 be two regions ~f 8;ace 

s e w a t e d  by a l a r g e  d i s tance .  Zventa in R, c m o t  Ge3r.C on a 
* 

dec is ion  m d e  in R2 unless  it i 8  p 6 i b l e  f o r  o g t t e r  to t r a v e l  



Tmr! t h e  i x e t i o n  of t h e  dec i s ion  t o  the l o c a t i m  o f s t h e  even ts .  Here 

*he c r c c i a l  ~ r c p e r t y  of c lat ter  i s  ',ha', it t r a v e l s  a t  f i n i t e  v e l a c i t y ,  

o r  carl b e  C e q e d  o u t  by i n t e r v e r h g  b a r r i e r s .  

2.  f i f i n i t e  P.esults of  Al te rna t ive  Choices. Let  E' and En b e  

t ~ o  a l t e r n a t i v e  poss ib le  experiments. That i s ,  one can dec ide  t o  do 

e ? t h e r  E '  c r  En, b u t  no t  both.  Suppose E' has  a f i n i t e  rider 

of d i s t i n c t  p o s s i b l e  r e s u l t s .  ?hat  i s ,  i f  E' i s  performed then 

t h e  observed Gsult is p r e c i s e l y  one of a f i n i t e  s e t  of d i s t i n c t  pos- 

s i b l e  r e s u l t s .  Let t h e  d i s t i n c t  p o s s i b l e  r e s u l t s  be  numbered h 3 0 E  

d e f i n i t e  ray. S i d l a r l y ,  suppose E' h a s  a f i n i t e  number o f  d i s -  

t i n c t  p o z s i b l e  r e s u l t s ,  r h i c h  a r e  numbered 1n.aome d e f i n i t e  way. 

Le t  n' b e  t h e  n w b e r  of  t h e  r e s u l t  t h a t  occurs  i f  E '  is performed, 

snd l e t  n" b e  t h e  number of  t h e  r e s u l t  t h a t  occurs  i f  E" i s  

g r f o m e d .  S h c e  t h e  experiments E' and 2'' a re  ~ l t e r n a t i v e a ,  

t h e  r e s u l t s  s p e c i f i e d  by n '  and n" cannot  bo th  b e  p h y s i c a l l y  

r e e l .  But one o r d i n a r i l y  t h i n k s  t h a t  s i n c e  t h e  unperformed exper i -  

r en t  mould heve had s o r e  d e f i n i t e  r e s u l t  i f  one had chosen t o  perform 

it ,  t h e  n u r b e r s  n '  and n n  a r e  bo th  d e f i n i t e  numbers, even though 

t h e  va lue  of  only one i s  determined by a c t u a l  experience.  There is 

sone  d e f i n i t e  number t h a t  e p e c i f i e s  t h e  r e s u l t  t h a t  would have 

been ob ta lned  i f  t h e  "other"  experiment had been performed, even 

thoug!! one can never  know i t s  a c t u a l  va lue ;  o r  a t  l e a s t  one can 

s u c m s e  L.ere  i s  some such nunber. - 
Proper ty  (1) i s  g e ~ e r a l l y  be l ieved  t o  be e n t a i l e d  by &ern 

s c i e n c e .  It  i s  t h e  b a s i s ,  f o r  exa-q le ,  of t h e  con ten t ion  t h a t  long 

range telepathic conrmnications is  s c i e n t i f l c a l l y  impossible:  

S i g r a l s  rrust hare m a t e r i a l  conveyance, o r  a t  l e a s t  t h e  p s s i b i l i t y  

of such a conveyance. Property ( 2 )  a s s e r t s  t h e  resulta of a l t e m t i v e  

cho ices  can be suppcsed t o  be d e f i n i t e ,  even t h o w h  they cannot a l l  

be p h y s i c a l l y  r e a l .  

A t  l e a s t  one of these  t r o  p r o p e r t i e s  is not  a a t i e f i e d  in 

n a t u r e :  t h e  assumption t h a t  both are t r u e  is incompatible w i t h  t h e  

exper imenta l  f a c t s .  

The experimental f a c t s  used in t h e  argument a r e  r e s u l t s  of  

experiments  of  a type n m  corm~cn i n  e r p e r l m n t a l  physics .  The pre- 

c i s e  experiments  considered h a n  n o t ' a l l  a c t u a l l y  been p e r f o m d .  

But they a r e  on ly  s l i g h t  v a r i a t i o n s  of  experiments t h a t  have been 

performed. Quantum mechanics i e  u n i v e r s a l l y  v a l i d  f o r  a l l  e x p e r b e n t s  

t h a t  have been performed, and r e  assume it holds a l s o  f o r  the  s l i g h t  

v a r i a t i o n s  r e  consider .  Al l  t h a t  s tands  in the ray of a t r i c t  ver- 

i f i c a t i o n  is the  convict ion of s c i e n t i s t s  t h a t  nothing could be 

l e a r n e d  from examining such e l l g h t  variations: Qumtm mtchanics 

would ho ld .  

The s t r i c t  t echnica l  r e s u l t  t h a t  i e  to  be  proved is t h e r e f o r e  

this : 

\ 

Theorem A. I f  the r e s u l t s  prescr ibed by quantum nachanics hold t r u e  

Fn c e r t a i n  (cor re la t ion- type)  e r p e r i n m t s ,  then p r o p e r t i e s  ( 1 )  and 

( 2  ) do n o t  bo th  hold t r u e  in na ture .  

Proof. The argument Is an adapta t ion  of one given r e c e n t u  by - 
J. S. ~ e l ~ '  Consider an experiment in which two low-energy protane 

a r e  made t o  c o l l i d e .  Suppoge each of t h e  two protor.s ererging from 

t h e  c o l l i s i o n  passes  through an erperixtental  apparatus  cons i s t ing  

e s s e n t i a l l y  of a region with a s t rong  Fnhoimgeneoua mgr.etic f i e l d .  



X..e d i rec t icm of t h i s  f i e l d  can be  r o t a t e a  by r o t a t -  t h e  appara tus .  

The two pro tons  e m r g i n g  from the  c o l l i s i o n  rill be  movlng 

i n  c ~ p s i t e  d i r e c t i o n s  ( a n y  from t h e  c o l l i s i o n  r e g i o n )  along a  

c e r t e i n  l i n e  L. Let 5 b e  t h e  appara tus  through which one proton 

passes  and l e t  A2 be  t h e  apparaturc through which t h e  o t h e r  p m t m  

pesses .  (A1 
and A2 t h u s  l i e  on L.) Let Dl and D2 b e  t h e  

C i r e c t i o n  o f  the  f i e l d s  i n  5 and A2, r e s p e c t i v e l y .  These d i rec -  

tions dl1 b e  chosen perpendicu la r  t o  L. The angle  be taeen  Dl 

m d  D2 w i l l  be  c a l l e d  B ( D ~ ,  D2). (See Fig.  Al and *2. ) 

The pro ton  t h a t  passes  through 5 rill b e  def lec ted  by tke 

M e l d  i n  q. This  d e f l e c t i o n  i s  e i t h e r  Ln the d i r e c t i o n  o f  Dl, o r  

in the  o p p o s i t e  d i r e c t i o n .  These two d i s t i n c t  p o s s i b l e  r e s u l t s  are 

l a b e l l e d  by nl = 4 1  and 5 = -1, respec t ive ly .  S i m i l a r l y ,  t h e  

p a r t i c l e  t h a t  passes  through JIZ .ill be d e f l e c t e d  e i t h e r  i n  t h e  

d i r e c t i o n  of  D2 o r  i n  the opposite d i r e c t i o n ,  and these  two as- 

t i n c t  p o s s i b l e  r e s u l t s  a r e  l a b e l l e d  by n = * l  and n2 = -1, 

r e s p e c t i v e l y .  

I t  is an erperimental  f a c t  t h a t  the  d i r e c t i o n s  of t h e  

d e f l e c t i o n s  of t h e  two protons i n  such erperimects  a r e  cor re la ted .  

(These experiments a r e  c e l l e d  correlat ion-type e p e r l w n t s .  ) Quantm 

mechanics t e l l s  us t h a t  f o r  l a  energy p r o t m e  and 0 = 0 m e  fFrl& 

(almost  a lways)  t h a t  q = -n2. That i e ,  i f  t h e  p a r t i c l e  passing 

through q i e  def lec ted  in t h e  d i r e c t i o n  of  Dl, then t h e  p a r t i c l a  

passing through A .  rill be deflected in t h e  d i r e c t i o n  opposi te  

t o  D2. 

I f  t h e  a n g l e  0 i e  not zero ( o r  180') then t h e  c o r r e l a t i o n  

is n o t  e x a c t .  But t h e r e  is a t i l l  a s t a t i s t i c a l  c o r r e l a t i o n .  Lq 

p a r t i c u l a r ,  i f  one p r f o n n a  a  l a rge  nunber N of  s i m i l a r  e x p r i n n t s ,  

a l l  wi th  t h e  same 0, and l e t 8  n II and n b e  t h e  valuee of 
25 1 

end n i n  e x - p e r k n t  J ,  where J rune hmn 1 to N, then 
2 

Fig. Al. Two protons ,emerge Fig.  A2. Both Dl and D2 are 

f n c  a  c o l l i s i o n .  ' One pas- perpendicu la r  t o  t h e  l i n e  

s e s  t k m u g h  5 and t h e  of  f l i g h t  L (which m a  

o',ker passes  through A2. back i n t o  t h e  paper i n  

9:t. 5 and A~ l i e  cn L. t h i s  f i g u r e ) .  The a n g l e  

between Dl and D2 i e  

0(D1, D2). 

t h e  f o l l o r i n g  r e l a t i o n s h i p  holds:  

nlJ nZJ = -CM 0 ( D , D  . Yj l f  1 2  ( A . 1 )  

5 - 1  

'Ihe e p e c i a l  caee  0 = 0 gives 1 PJ nZJ = -N, because i n  t h i a  

C M ~  nlJ * -nZj f o r  a l l  J ,  as  m n t i o m d  above. (Actual ly,  



e v a t i c n  ( A . l )  it? a  s t a t i s t i c a l  r e s u l t  t h a t  holds 'Pith l n c r e a s h g  ac-  

curacy as N b .c reasee .  I t  i s  s u f f i c i e n t  f o r  the argument t o  assume 

c a m e  D2' i s  pe lpendicu l  

mua ( ~ . 1 )  gives 

'J.2: ( A . l )  h o l d s ,  f o r  e-zle, t o  d t h i n  s e v e r a l  p e r c e n t ,  f o r  some 

m e  q w t m  m c h a r d c a l  r e l a t i o n s h i p  ( ~ . 1 )  i s  i n c o n s i s t e n t  with 

F ~ c p e r t i e s  ( 1 )  and ( 2 ) .  To s e e  t h i s ,  cons ider  t r o  d i f f e r e n t  p o s s i b l e  

s e t t b g s  of  Dl. Le t  t h e s e  b e  c a l l e d  Dl' and Dl". And cons ider  

which ,  i n  v i e r  of  (A.2), i n g U e s  t h a t  two d i f f e r e n t  s e t t i n g s  of D2, c a l l e d  D2' and D2". Let n '  IJ be  

t h e  va lue  yJ r o u l d  h a r e  i f  Dl is chosen t o  be Dl ' ,  and l e t  qJ 
b e  *e value 1J .odd have if Dl is chosen t o  b e  Dl1'. Let 

"; J aad n" be, s i m i l a r l y ,  the  va lues  of 
2  J "4 

in t h e  c a s e s  

C2 = D2' and D2 = D Z n ,  r e s p e c t i v e l y .  R o p e r t y  (1) s a y s  t h a t  q J 

does n o t  depend on whether D2 i s  chosen t o  be D2' o r  D2", and 

One may choose Dln s o  t h a t  

cos e(Dl",D2f) = -l/Z end coa e(qn, D,") 1//T. 

t h a t  n i s  s i n l l a r l y  independent of t h e  choice of Dl, This i s  
2J 

t e c a z s e  A1 and A2 can be  separa ted  by very l a r g e  d i s t a n c e s  and t h e  

d e c i s i o n s  b e t r e e n  Dl' and Dln, and between D2'  and D2", can be  

delayed u n t i l  t h e  lsst  mfnute. Property ( 2 )  says t h a t  m e  can d e f i n e  

and b o t h  n i J  and n" even though only one of them can a c t u a l k f  b e  
1J ' 

rnasured,  and s i m i l a r l y  f o r  n;; and n n  2J ' We a r e  saying t h a t  what 

t h e  p ro ton  r o u l d  do i n  a d e f i n i t e  s p e c i f i c  s i t u a t i o n  is some d e f i n i t e  

S u b t r a c t i o n  o f  ( A . 6 )  fmm ( A . 5 )  gives  s ;ec i f ic  t b d n g ,  r e g a r d l e s s  of r h e t h e r  we choose t o  creaLe t h a t  parti- 

cular s i t u a t i o n  o r  not .  

To o b t a i n  t h e  c o n t r a d i c t i o n  t a k e  Dl' a D 2 ' ,  and t a k e  D2" 

p r p n d i c u l a r  t o  Dl1  = D 2 ' .  Then 6(D11, D2' ) = 0.  Hence 

cos e(Dl l ,  D2') . C O ~  0 = 1. Thus ( ~ . 1 )  g ives  
where the  f a c t  t h a t  n"  x n;j = 1 i s  used. T a k Q  t t ie absolu'te 

2 J 



values of both s ides  and using the  f a c t  t h a t  the absolute value of a 

sum is  l e s s  than or  e p l  t o  the  sum of the  absolute values, one ge t s  

;he l a s t  t e r n  on t he  r i g h t  i s  zero, because of ( A . 1 ) .  Thu we obta in  

I f i l  < I .  (A.lO) 

Squaring both s tdes  one obtain8 the  r e s u l t  t ha t  2 i s  l eas  than o r  

e q ~ s l  t o  1. This is fa l se .  Thus one of the  p r e d s e s  of the  argument 

is f a l s e .  P.e p r e d s e s  were properties ( 1 )  and ( 2 )  and the v a l i d i t y  of 

L!e qu.-ntum rec!m.nical re la t ionship  (A. l ) .  Thus i f  t he  quantum 

uerhanical  r e l a t ionsh ip  (A. 1 ) holde t rue  [even approximately, f o r  

s ~ f f i c i e n t l y  l s rge  N] then proper t ies  ( I )  and ( 2 )  cannot both be 

t r u e .  Q.E.D. 

That is, one cannot suppose t h a t  t h e  r e s u l t  of en experiment 

*-at one e l e c t s  co t  t o  perform would have had a well-defined and 

Z ~ f i n i t e  r e s d t  (ns  it would ham i f  one had e lec ted  to pe r fom t h e  

e m r i r e n ' , )  .zJess one a w t e  t h a t  causal e f f e c t s  can be transmitted 

over l a rge  d!s+.axes r i thou t  the poss ib i l i t y  of material  conveyance. 
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